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Abstract

Six rhenium hydride complexes, [(6,6'-R2-bpy)Re(CO);H] (bpy = 2,2'-bipyridine, R = OEt, OMe,
NHMe, Me, F, Br), were synthesized. These complexes insert CO2 to form rhenium formate
complexes of the type [(6,6'-R2-bpy)Re(CO);:{OC(O)H}]. All the rhenium formate species were
characterized using X-ray crystallography, which revealed that the bpy ligand is not co-planar with
the metal coordination plane containing the two nitrogen donors of the bpy ligand but tilted. A
solid-state structure of [(6,6'-Me>-bpy)Re(CO)3H] determined using MicroED also featured a tilted
bpy ligand. The kinetics of CO> insertion into complexes of the type [(6,6'-R2-bpy)Re(CO)3:H]
were measured experimentally and the thermodynamic hydricities of [(6,6'-R2-bpy)Re(CO):H]
species were determined using theoretical calculations. A Brensted plot constructed using the
experimentally determined rate constants for CO> insertion and the calculated thermodynamic
hydricities for [(6,6'-R2-bpy)Re(CO);H] revealed a linear free energy relationship (LFER) between
thermodynamic and kinetic hydricity. This LFER is different to the previously determined
relationship for CO; insertion into complexes of the type [(4,4'-R>-bpy)Re(CO);H]. At a given
thermodynamic hydricity, CO> insertion is faster for complexes containing a 6,6'-substituted bpy
ligand. This is likely in part due to the tilting observed for systems with 6,6'-substituted bpy
ligands. Notably, the 6,6'-(NHMe)>-bpy ligand could in principle stabilize the transition state for
COgz insertion via hydrogen bonding. This work shows that if only the rate of CO; insertion into
[(6,6'-(NHMe),-bpy)Re(CO)3H] is compared to [(4,4'-R2-bpy)Re(CO)3H] systems, the increase in
rate could be easily attributed to hydrogen bonding, but in fact all 6,6'-substituted systems lead to
faster than expected rates.
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Introduction
Transition metal hydrides are critical intermediates in a wide array of catalytic processes that have

many industrial applications.! For example, they are proposed intermediates in transition metal
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catalyzed hydrogenation,> hydroformylation,® alkene isomerization,* and hydrosilylation
reactions,” which are relevant to diverse areas such as energy storage, the synthesis of
pharmaceuticals, and the preparation of monomers for polymerization. The transfer of a hydride
from a transition metal hydride to a substrate is the turnover limiting step in many of these
reactions, and consequently increased understanding of this elementary step could facilitate the

development of improved catalysts.

Linear free energy relationships (LFERs), which correlate the thermodynamic driving force of a
reaction with the kinetic rate of a reaction, are a powerful tool in catalyst development.® As part of
our efforts to understand hydride transfer reactions and design improved catalysts for the
conversion of CO; into commodity chemicals and fuels, we recently measured the kinetics of CO»
insertion into a family of [(4,4'-R2-bpy)Re(CO)3H] (bpy = 2,2'-bipyridine; R = OMe, ‘Bu, Me, H,
Br, COOMe, CF3) complexes to form [(4,4'-R2-bpy)Re(CO); {OC(O)H} ] (Figure 1a).” We selected
bpy ligated Re systems because complexes of the type [(bpy)Re(CO);Cl] are some of the most
prominent examples of homogeneous photo- or electrochemical catalysts for CO reduction.® They
give high selectivity to CO, are relatively stable, and species with both electron withdrawing and
donating bpy ligands can readily be synthesized and characterized. The CO: insertion reactions we
studied provide insight into the rate of hydride transfer because the rate-determining step is
nucleophilic attack of the hydride on CO,.” Using computational methods, we determined the
thermodynamic hydricities of the Re hydrides. Subsequently, by correlating thermodynamic and
kinetic hydricity, it was established that LFERs exist between thermodynamic and kinetic hydricity
for CO» insertion into [(4,4'-R,-bpy)Re(CO)3H] in a range of solvents.® Specifically, as the

thermodynamic hydricity of the Re hydride increases hydride transfer becomes faster.

The active sites of metalloenzymes often contain precisely positioned hydrogen bonding groups
in their secondary coordination sphere that can interact with substrates and cause increases in
activity and selectivity through stabilization of the transition state (TS).!” This has inspired the
design of numerous transition metal catalysts that feature hydrogen bonding functional groups in

the secondary coordination sphere, which often has resulted in improved catalytic activity.!! For
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Figure 1: a) Previous work on CO; insertion into [(4,4'-R>-bpy)Re(CO);H] to CO, showing a linear free energy
relationship (LFER) between kinetic and thermodynamic hydricity. Kinetic hydricity is the rate constant for
hydride transfer from a hydride donor to a hydride acceptor, while thermodynamic hydricity, AG°x., is the free
energy required to release a free hydride ion from a metal hydride in solution. This work: b) Measuring rate
constants for CO> insertion into [(6,6'-R»-bpy)Re(CO)3;H] complexes, and ¢) Investigating whether a hydrogen
bonding group in the secondary coordination sphere of the complex can break the LFER between kinetic and
thermodynamic hydricity. The red points represent complexes without a hydrogen bond donor, whereas the blue
point represents a complex with a hydrogen bond donor. The structure shows the proposed stabilization of the
negatively charged carboxylate in the rate limiting TS for CO, insertion via hydrogen bonding interactions, which
should lead to an increase in rate compared to the predicted value from the LFER.

example, in transition metal catalyzed CO; hydrogenation, it has been proposed that hydrogen
bond donors in the ancillary ligand can increase the rate of CO; insertion into metal hydrides,
leading to faster catalysis.'> However, modifications to the secondary coordination sphere can also
affect the primary coordination sphere by changing the electronic or steric properties of the donor
atoms. Therefore, it is difficult to evaluate whether primary or secondary coordination sphere
effects (or a combination of both) are causing an improvement in catalysis, especially when

information about the rate of the turnover limiting elementary step is unavailable.

In principle, the LFERs we developed for CO insertion into [(4,4'-R>-bpy)Re(CO);H] complexes
provide an opportunity to assess and quantify the impact of secondary coordination sphere effects
on CO; insertion. This is because the LFER predicts the kinetic hydricity based on the
thermodynamic hydricity for any complex. However, a secondary coordination sphere effect, such
as hydrogen bonding should predominantly affect the TS (lowering AG') rather than the
thermodynamic hydricity. Thus, a system with secondary coordination sphere stabilization of the

TS should result in a deviation from the LFER for systems without secondary coordination effects



(Figure 1¢). Importantly, the deviation from the expected kinetic value caused by the secondary
coordination sphere effect will account for any change in thermodynamic hydricity, allowing for

the disambiguation of kinetic and thermodynamic effects.

In this work, we measure the rates of CO» insertion into a series of Re hydrides featuring 6,6'-
substituted bpy ligands, [(6,6'-R2-bpy)Re(CO);H] (R = OEt, OMe, NHMe, Me, F, Br) and use
theoretical calculations to determine their thermodynamic hydricities (Figure 1b). This enables the
elucidation of a LFER between kinetic and thermodynamic hydricity for CO; insertion into
complexes of the type [(6,6'-R2-bpy)Re(CO);H]. Notably, the LFER for insertion into complexes
with 6,6'-substituted bpy ligands is different than the LFER we previously determined for 4,4'-
substituted bpy ligands,’ with faster CO> insertion observed for 6,6'-substituted bpy ligands at the
same thermodynamic driving force. The general increase in rate is especially significant for
interpreting the effect of the 6,6'-(NHMe),-bpy ligand. This ligand was used to test the hypothesis
that the N-H group could stabilize the key TS for CO; insertion by stabilizing the negative charge
on the carboxylate through hydrogen bonding (Figure Ic), as has been proposed in other CO»
insertion reactions.!?®!3 Our work shows that if the rate of COz insertion into [(6,6'-(NHMe),-
bpy)Re(CO);H] was only compared with the rates of CO; insertion into [(4,4'-R2-bpy)Re(CO)3;H]
complexes it would be easy to incorrectly conclude that hydrogen bonding was in fact leading to
an increase in rate. Instead, when the complete set of 6,6'-substituted bpy ligands are considered,
the 6,6'-(NHMe)2-bpy ligand is not a significant outlier. Thus, this work both provides a method
to increase the rate of CO: insertion into bpy-ligated Re hydrides at a particular thermodynamic
driving force and highlights the need to perform rigorous control experiments to identify hydrogen-

bond stabilization of a TS.

Results and Discussion

Synthesis of Re complexes with 6,6'-substituted bpy ligands

Based on analysis of crystal structures of [(6,6'-R2-bpy)Re(CO);Cl] complexes,'* we proposed that
the presence of functional groups containing N—H bonds in the 6 or 6' positions of bpy could result
in hydrogen bonding interactions that stabilize the negative charge on the carboxylate in the TS
for COz insertion into a Re hydride in a complex of the form [(6,6'-R2-bpy)Re(CO)3H] (Figure 1c).
To test our hypothesis, we targeted the complex [(6,6'-(NHMe),-bpy)Re(CO):H]. Initially, we
followed a literature procedure to synthesize [(6,6'-(NHMe).-bpy)Re(CO);Cl] through a reaction



of [6,6'-(NHMe)2-bpy] with [Re(CO)sCl] in refluxing toluene (Scheme 1).'** Subsequent treatment
of [(6,6'-(NHMe),-bpy)Re(CO);Cl] with AgOTf generated [(6,6'-(NHMe)2-bpy)Re(CO)3(OTH)]
(Scheme 1), which was converted into [(6,6'-(NHMe)-bpy)Re(CO)3H] via a reaction with NaBHa.
To generally understand the impact of 6,6'-bpy substituents on CO; insertion into [(6,6'-R>-
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Scheme 1: Synthesis of [(6,6'-R2-bpy)Re(CO)sH] complexes.

bpy)Re(CO);H], we used the same synthetic route to prepare complexes containing 6,6'-ethoxy,
methoxy, methyl, fluorine, and bromine substituents on the bpy. The ethoxy and methoxy
substituents were selected because they are electron donating groups that have similar electronic
and steric properties to NHMe but cannot act as hydrogen bond donors. Unfortunately, attempts
to prepare a Re hydride with a 6,6'-(NMez)2-bpy ligand were unsuccessful. Methyl, fluorine, and
bromine substituents were included to provide some variation in the electron-donating ability of

the 6,6'-substituent, while keeping steric factors relatively constant.

All our new Re hydrides cleanly insert CO; in acetonitrile (MeCN) to form the Re formate
complexes [(6,6'-Ro-bpy)Re(CO); {OC(O)H} | (R = OEt, OMe, NHMe, Me, F, Br) (Scheme 2). For
each reaction, the disappearance of the characteristic Re—H resonance in the 'H NMR spectrum (&
= 0.8-1.3 ppm) was concomitant with the appearance of a signal corresponding to a formate
resonance (& ~8.1 ppm). The new Re formate complexes were isolated and fully characterized,
including some by single crystal X-ray diffraction. The solid-state structures of [(6,6'-Ra-
bpy)Re(CO):{OC(O)H}] (R = OEt, OMe, NHMe, Br) are shown in Figure 2, while the structures

OC(O)H R = OEt (90%)

H O)H
) e 7 N> = OMe (86%)
=N | N =N, | N = NHMe (84%)
w10 R 1atmCO, R RN R
AN 30 °C, MeCN AN _ Me (75%)
oc” | Yco - Me oc” | co = F (78%)
co co = Br (80%)

Scheme 2: Synthesis of [(6,6'-R2-bpy)Re(CO)3 {OC(O)H}].
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Figure 2. Solid state molecular structures of a) [(6,6'-(OEt),-bpy)Re(CO); {OC(O)H}]. Selected bond lengths (A):
Re(1)-N(1) 2.205(10), Re(1)-N(2) 2.201(10), Re(1)-O(1) 2.160(5). Selected bond angles (°): N(1)-Re(1)-N(2)
74.5(4); b) [(6,6'-(OMe),-bpy)Re(CO); {OC(O)H} ]. Selected bond lengths (A): Re(1)-N(1) 2.190(2), Re(1)-N(2)
2.193(3), Re(1)-O(1) 2.144(2). Selected bond angles (°): N(1)-Re(1)-N(2) 74.68(9); ¢) [(6,6'-(NHMe),-
bpy)Re(CO);{OC(0)H}]. Selected bond lengths (A): Re(1)-N(1) 2.212(9), Re(1)-N(2) 2.211(10), Re(1)-O(1)
2.108(9). Selected bond angles (°): N(1)-Re(1)-N(2) 73.4(3); d) [(6,6'-Br2-bpy)Re(CO);{OC(O)H}]. Note that
there are two crystallographically independent, chemically identical models in the asymmetric unit. The two sites
are distinguished with the suffixes “A” and “B.” Selected bond lengths (A): Re(1A)-N(1A) 2.230(6), Re(1A)—
N(Q2A) 2.215(7), Re(1A)-O(1A) 2.151(5), Re(1B)-N(1B) 2.229(6), Re(1B)-N(2B) 2.196(6), Re(1B)-O(1B)
2.147(6). Selected bond angles (°): N(1A)-Re(1A)-N(2A) 74.6(2), N(1B)-Re(1B)-N(2B) 73.7(2).

of [(6,6'-R2-bpy)Re(CO)3 {OC(O)H} ] (R = Me, F) are lower quality and only provide information
about connectivity and qualitative trends relating to the orientation of the ligands (see section
SXIV). In all cases, the Re center has the expected distorted octahedral geometry with the formate
ligand trans to a CO ligand. Notably, the Re center and the nitrogen atoms of the 6,6'-R>-bpy
ligands are not co-planar with the carbon atoms of the bpy ligand. Instead, the 6,6'-R>-bpy ligand
is tilted out of the coordination plane containing the Re center, the two nitrogen donors of the 6,6'-
Ro-bpy ligand and the CO ligands (Figure 3). This tilting of the bpy ligand is presumably due to
steric factors, as it is not observed to the same extent for related complexes containing either 4,4'-
substituents or unsubstituted bpy ligands.®>!¥®!5 There is no clear correlation between the
magnitude of the tilt, which range from 4-29°, and the % Vu: of the 6,6'-R2-bpy coordinated to a

naked Re atom (see section SIX). Analysis of the solid-state structures of related Re and Mn



complexes in the literature with 6,6'-R>-bpy ligands reveals the same magnitude of tilting, although

it has rarely been noted.'*!®

Tilt angle=22.5° {
& C —~

Figure 3. Solid state molecular structure of [(6,6'-(OMe),-bpy)Re(CO)3; {OC(O)H}] displaying the tilt angle of
the bpy ligand. Plane one is comprised of the aromatic carbon and nitrogen atoms of the bpy ligand. Plane two is
comprised of rhenium, the equatorial carbon atoms of the carbonyl ligands, and the nitrogen atoms of bpy. The
tile angle is plane one — plane two.

Table 1: Orientation and tilt angle of bpy in [(6,6"-R>-bpy)Re(CO)3{OC(O)H}] complexes. Note: tilted down is
denoted as the R-substituents oriented towards the axial carbonyl ligand. There are two values for Br since Z’=2.

6,6'-R2-bpy bpy tilt angle (°) bpy orientation

R = OEt 18.4 Down
R =0OMe 22.5 Down

R =NHMe -29.0 Up
R=Br 26.9 Down
30.4 Down

In principle, the 6,6'-R>-bpy ligand in complexes of the type [(6,6'-R2-bpy)Re(CO)3{OC(O)H} ]
can tilt either so the 6,6'-substituents are on the same side of the coordination plane as the formate
ligand (defined here as up, negative tilt) or on the same side of the coordination plane as the CO
ligand that is ¢rans to the formate ligand (defined here as down, positive tilt). Analysis of the solid-
state structures of [(6,6'-R2-bpy)Re(CO); {OC(O)H} ] reveals that the 6,6'-R>-bpy tilts down for all
substituents except NHMe, where it points up (Tables 1 and S1). This raises the possibility of
hydrogen bonding between the N—H group and formate ligand and the distance between N4 and
05 is 2.926(15) A, which is within typical hydrogen bonding distance.!” Nevertheless, the close
solid state distance could be influenced by packing effects. Therefore, it is notable that the chemical
shift in the '"H NMR spectrum of the proton associated with the NHMe substituent in [(6,6'-
(NHMe):-bpy)Re(CO); {OC(O)H}] is shifted downfield by approximately 1 ppm compared the
chemical shift of [(6,6'-(NHMe).-bpy)Re(CO);X] (X =H or Cl), which is consistent with hydrogen
bonding.!”™'® However, a NOESY experiment did not reveal any correlation between the N—H

substituent and the C—H of bound formate and the IR stretching frequency of the N—H vibrations



in [(6,6'-(NHMez-bpy)Re(CO);{OC(O)H}] and [(6,6'-(NHMe)-bpy)Re(CO)sH] are similar,
suggesting no hydrogen bonding.!” Further, no changes were observed at low temperature in the
'"H NMR spectrum, where it may be expected that hydrogen bonding between one NHMe
substituent and the formate ligand, would make the two sides of the 6,6'-(NHMe),-bpy ligand
inequivalent. Overall, the experimental data is inconclusive about whether there is a hydrogen

bond between the NH group of 6,6'-(NHMe)>-bpy and the formate ligand.

To evaluate whether the observed tilting of the 6,6'-R>-bpy ligand is due to the presence of the
formate ligand, we attempted to structurally characterize our Re hydrides. Unfortunately,
complexes of the type [(6,6'-R2-bpy)Re(CO)3H] are light sensitive in solution, and the majority of
attempts to obtain crystals of sufficient quality for X-ray diffraction resulted in microcrystalline
powders. The only complex we were able to obtain high-quality X-ray data for was [(6,6'-Br;-
bpy)Re(CO);H] (Figure 4a). The structure of [(6,6'-Br2-bpy)Re(CO)3H] shows the same tilt down
25.9°) observed in almost all the Re formate complexes, indicating that the origin of the tilt is
likely due to steric factors associated with the 6,6'-R;-bpy ligand. The hydride in [(6,6'-Brz-
bpy)Re(CO)3H] was located in the Fourier map and the Re-H bond length is 1.85(9) A. This is
consistent with the bond length computed using theoretical calculations (1.790 A) (vide infia).

To attempt to determine the solid-state structure of other [(6,6'-R2-bpy)Re(CO)3H] complexes, we
turned to microcrystal electron diffraction (MicroED).?’ MicroED is a hybrid method, which
exploits the advantages of both electron microscopy and crystallography, and uses an electron
beam to generate a diffraction map. It is ideally suited to microcrystalline samples and does not
have the same inherent problems locating metal hydrides as X-ray diffraction.! We obtained

MicroED data for [(6,6'-Mez-bpy)Re(CO)sH] (Figure 4b),>? which is a rare example of a metal
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Figure 4. Solid state molecular structures of a) [(6,6'-Br>-bpy)Re(CO);H] from single X-ray crystallography.
Selected bond lengths (A): Re(1)-N(1) 2.207(10), Re(1)-N(2) 2.206(10), Re(1)-H 1.85(9). Selected bond angles
(°): N(1)-Re(1)-N(2) 74.4(4); b) [(6,6'-R2-bpy)Re(CO);H] from MicroED. Selected bond lengths (A): Re(1)-N(1)
2.25(3), Re(1)-N(2) 2.26(3), Re(1)-H 1.79(8). Selected bond angles (°): N(1)-Re(1)-N(2) 74.8(12).
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hydride that has been structurally characterized using MicroED.?! The same downward tilting of
the 6,6'-Mex-bpy ligand (25.5°) is observed as in the formate complex, which is consistent with
our hypothesis that the steric bulk of 6,6'-R>-bpy ligand causes the tilting. The Re—H bond length
in [(6,6'-Mez-bpy)Re(CO)3H] is 1.80(7) A, which is consistent with the computed bond length of
1.794 A.

To further understand the tilting of the 6,6'-R2-bpy ligand in [(6,6'-R2-bpy)Re(CO):X] (X =
OC(O)H or H) type complexes and evaluate if hydrogen bonding is present in [(6,6'-(NHMe),-
bpy)Re(CO); {OC(O)H} ] we performed density functional theory calculations at the M06 level of
theory?® (see section SXIII). In all our optimized structures the 6,6'-Ra-bpy ligand is tilted,
indicating that this distortion is intrinsic to the complexes and not a crystal packing effect. For all
complexes containing a formate ligand, including the 6,6'-(NHMe),-bpy ligand, theory predicts it
is energetically favorable for the 6,6'-R>-bpy ligand to tilt down (Table 2). The energy difference
between the up and down isomers ranges from —0.3 to —4.1 kcal mol™!, with the smallest difference
occurring for [(6,6'-(NHMe)2-bpy)Re(CO);{OC(O)H}]. This suggests that the observation of the
up isomer of [(6,6'-(NHMe)2-bpy)Re(CO); {OC(O)H}] in the solid-state structure is a function of
crystallization, as opposed to a large energy preference for the up isomer, indicating that hydrogen
bonding is not important. Consistent with this theory, theoretical calculations indicate that the up
isomer of [(6,6'-(NHMe),-bpy)Re(CO);H], where there cannot be any hydrogen bonding, is
preferred by 0.4 kcal mol™!. For all other Re hydrides the down isomer is preferred. The exact
reasons why the up or down isomer is preferred for any given complex are unclear. An expected
consequence of the tilting is that the 6,6'-substituted bpy ligand is a worse c-donor because the
lone pairs on nitrogen donor of the bpy are not as well-aligned with the metal d-orbitals, as when
the bpy ligand is fully planar. This is further supported by Natural Population Analysis (NPA) data
Table 2: Theoretical calculations at the M06 level of theory comparing the energetic difference between the up
and down isomers of 6,6'-R,-bpy ligated Re hydride and formate complexes.

AG between up and down isomers
(Gdown- Gup) (keal mol")

6,6'-R2-bpy Re-H Re-{OC(H)O}
R = OEt ND#* ND*
R =OMe ND* -4.1
R =NHMe 0.4 -0.3
R =Me -2.5 -2.7
R=Br -4.4 -1.0

*ND = not determined because only a single configuration (down isomer) was found, so it was not possible to calculate an
energy difference between isomers.



showing that the Re-Nypy bond orders decrease for 6,6'-Rz-bpy ligated Re hydride and solvento
complexes with tilting compared to planar 4,4'-Ri-bpy complexes for the same substituents (R =
Br, Me, OMe). In contrast, the computed bond orders of the remaining coordination sites around
the Re center are essentially the same (Tables S5 & S6). Overall, our data shows that adding 6,6'-

substituents to the bpy ligand significantly changes the structural parameters around Re.

Kinetics of CO: insertion into [(6,6"-R>-bpy)Re(CO)3:H]

The clean insertion of CO» into complexes of the type [(6,6'-R2-bpy)Re(CO);H] allowed us to
perform kinetic studies to determine the rates of insertion. The kinetics of CO; insertion into [(6,6'-
Ro-bpy)Re(CO)3H] were measured using a stopped-flow instrument with a UV-Vis detector in
MeCN at 30 °C. An excess of CO2 (>20 equiv.) was used to ensure pseudo-first order conditions.
Representative kinetic profiles and analysis are shown in Figures S1 and S2. The reactions are
first-order in [Re] and [CO:], to give an overall rate law of &;[(6,6'-R2-bpy)Re(CO);H][CO2] (see
Figure S3), which is consistent with other examples of CO> insertion into metal hydrides.”** For
each reaction, the value of k; was obtained (see Table 3 by dividing the k.ss value (determined from
a plot of In[(6,6'-R2-bpy)Re(CO);H] vs. time) by the concentration of CO».

Table 3: Rate constants and activation parameters for CO, insertion into [(6,6'-R>-bpy)Re(CO)3H] in MeCN at
303 K.

Complex ki(M's)*  AH! (kcal mol™)  AS*(cal mol' K')  AG*303 (keal mol™)
[(6,6-(OE):-bpy)Re(CO%:H] 8.0 x 10° 95+1.0 278+23 179+ 1.7
[(6,6'-(OMe)-bpy)Re(CO):H] 6.1 x 107! 103+1.0 241+24 17.6+1.7

[(6,6-(NHMe),-bpy)Re(CO):H] 3.7 x 10°! 9.6+1.0 229.0+2.9 184+18
[(6,6-Me>-bpy)Re(CO)H] 2.0 x 102 104+1.0 320432 20.1+2.0
[(6,6'-F2-bpy)Re(CO):H] 1.7x 102 9.0+0.9 37.0+3.7 202+2.0
[(6,6-Br-bpy)Re(CO:H] 8.4 x 107 9.6+ 1.0 36.5+37 20.6+2.1

aThe errors associated with the k; values are £5%.

The rates of COz insertion qualitatively trend with the electron richness of the 6,6'-bpy substituents.
The fastest rates are obtained with complexes containing OEt and OMe substituted bpy ligands,
while the slowest rate is obtained with the Br substituted bpy ligand. This is consistent with results
for complexes of the type [(4,4'-R>-bpy)Re(CO);H] where there was a strong correlation between
COg; insertion rates and the electron richness of the 4,4'-bpy ligand as evidenced by a Hammett
plot.” Unfortunately, due to steric effects ortho Hammett parameters do not exist and our efforts to
estimate approximate Hammett parameters for the 6,6'-bpy ligands using first reduction potentials

1.25

as demonstrated by Kubiak ef al.”> were unsuccessful (see section SX). Based only on the
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measured rate constants it is not clear if hydrogen bonding is increasing the rate of CO; insertion
into [(6,6'-(NHMe)2-bpy)Re(CO)3H] (k; = 3.7 x 10" M"!s!) as it fits within the range observed for
other complexes with 6,6'-bpy ligands, although it is faster than any Re hydride we studied with a
4,4'-bpy ligand.” The slightly faster rate for [(6,6'-(OEt),-bpy)Re(CO);H] (k; = 8.0 x 10! MIs™)
compared to [(6,6'-(OMe)2-bpy)Re(CO)sH] (k; = 6.1 x 107! M !s™) suggests that steric factors may
be relevant for CO; insertion into our complexes containing 6,6'-bpy substituents. No trends were
observed when comparing Re hydrides containing 6,6'-substituted bpy ligands with those
containing 4,4'-substituted bpy ligands with the same substituent. For example, the rate constant
for COz insertion into [(6,6'-(OMe)2-bpy)Re(CO)3H] (k; = 6.1 x 10" M!s™!) was faster than the
rate constant for insertion into [(4,4'-(OMe)2-bpy)Re(CO)sH] (k; =2.2 x 107! M-!s!),7 whereas the
rate constant for insertion into [(6,6-Me>-bpy)Re(CO)sH] (k; = 2.0 x 102 M!'s!) was slower than
the rate constant for insertion into [(4,4-Me>-bpy)Re(CO)sH] (k; = 1.1 x 107 M 1s )7

To gain further insight about CO» insertion into complexes of the type [(6,6'-R2-bpy)Re(CO);H]
we used Eyring analysis to determine the activation parameters (Table 3). For all systems negative
entropies of activation (AS*) were observed, ranging from —24.1 + 2.4 for [(6,6'-(OMe).-
bpy)Re(CO)3H] to —37.0 + 3.7 cal mol! K! for [(6,6'-F2-bpy)Re(CO)3H], a surprisingly large
difference of greater than 10 cal mol! K™!. The negative entropy of activation is consistent with a
process in which two molecules are converted into one and the values are comparable to those
reported for other examples of CO; insertion into metal hydrides.?® It is unclear why the difference
between entropies of activation for our family of 6,6'-substituted bpy complexes is greater than 10
cal mol! K'! and there appear to be no trends in the entropy of activation based on the electronic
or steric properties of the 6,6'-substituent. Interestingly, an even larger range of activation
entropies, ~15 cal mol! K!, was observed for CO> insertion into complexes of the type [(4,4'-Ro-
bpy)Re(CO)3H].” However, in the case of complexes of the type [(4,4'-Rz-bpy)Re(CO);H] the
entropies of activation are significantly more negative than for [(6,6'-R2-bpy)Re(CO)s;H]
complexes, as in most cases the values are lower than —40 cal mol! K-!. This indicates that the
transition state for insertion into hydrides containing 6,6'-substituted bpy ligands is less ordered
than for insertion into complexes containing 4,4'-substituted bpy ligands. The enthalpies of
activation (AH*®) are much smaller for CO> insertion into complexes of the type [(4,4'-Ro-

bpy)Re(CO);H], (typically below 9 kcal mol')’ compared to insertion into [(6,6'-Ro-
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bpy)Re(CO);H], where the numbers range from 9.0 = 0.9 for [(6,6'-F2-bpy)Re(CO):H] to 10.4 +
1.0 for [(6,6'-Me>-bpy)Re(CO);H]. We hypothesize that the tilting of the bpy ring in systems with
6,6'-substituents may be responsible for the change in activation parameters, as it likely effects
both the donor power of the bpy ligand, which could impact AH*, and solvent ordering around the
complex, which could impact AS*. Consistent with this hypothesis the most negative entropy of
activation is observed for [(6,6'-F2-bpy)Re(CO)3H], which has the least tilting of the bpy ligand.
The similar activation parameters for [(6,6'-(NHMe)2-bpy)Re(CO)3;H] in comparison to other 6,6'-
substituted complexes suggest that there is no hydrogen bonding interaction in the TS for the case

of the 6,6'-(NHMe),-bpy ligand.

Kinetic isotope effects (KIE) can be valuable for understanding the mechanism of CO> insertion
into metal hydrides®* and in the case of our series of 6,6'-substituted complexes could provide
information about whether the N—H group in [(6,6'-(NHMe)>-bpy)Re(CO)3H] plays an active role
in stabilizing the transition state for insertion. Initially, we compared the KIEs (ku/kp) for CO>
insertion into [(6,6'-(OEt)2-bpy)Re(CO);H] and [(6,6'-(NHMe).-bpy)Re(CO);H], by synthesizing
[(6,6'-(OEt)2-bpy)Re(CO);D] and [(6,6'-(NDMe).-bpy)Re(CO)3D], respectively (Figure 5). KIEs
0f 0.62 + 0.06 and 0.54 + 0.05 were observed for [(6,6'-OEt>-bpy)Re(CO)3H] and [(6,6'-(NHMe),-
bpy)Re(CO);H], respectively. This suggests that the mechanism for CO> insertion is similar
between the two complexes and the inverse KIEs are consistent with what has been observed for
COg: insertions into complexes of the type [(4,4'-Ra-bpy)Re(CO)3H] and other transition metal
hydride complexes.”?*26%2¢¢ The primary origin of the inverse KIE is that the strength of the C—H
bond formed is greater than the strength of the M—H bond broken. To probe the potential impact
of hydrogen bonding in [(6,6'-(NHMe):-bpy)Re(CO);H], we synthesized [(6,6'-(NDMe),-
bpy)Re(CO);H], in which only the amines on the ligand were deuterated. A KIE of 1.1 = 0.1 was
observed when comparing [(6,6'-(NHMe)2-bpy)Re(CO)s;H] with [(6,6'-(NDMe)2-bpy)Re(CO)sH],

suggesting that hydrogen bonding is not impacting the reaction.

74 N D - 7 N\ D - 7 N H -
EtO R OEt  MeDN R NDMe MeDN Re NDMe
oc” | ™ I oc” | co
cO CcO coO
KIE = 0.62 + 0.06 KIE =0.54 + 0.05 KIE=11+0.1

Figure 5: KIE (ku/kp) associated with CO insertion into different 6,6'-R>-bpy substituted Re hydrides.
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Kinetics of hydride transfer from [(6,6'-R2>-bpy)Re(CO)3H] to 1,3-dimethyl-pyridin-1-ium (NMP")
A potential problem with using 6,6'-substituted bpy ligands is that steric factors could lead to
slower rates of reaction. Given that the rates of CO; insertion into 6,6'-substituted bpy Re hydrides
were generally comparable to 4,4'-substituted bpy Re hydrides with the same substituents, this is
likely not an issue for CO,. To gain more insight into the impact of steric factors on the rates of
hydride transfer, we measured the rates of hydride transfer from [(6,6'-R2-bpy)Re(CO)3;H]
complexes to 1,3-dimethyl-pyridin-1-ium (NMP") (Table 4). This reaction differs from CO;
insertion because after hydride transfer the substituted dihydropyridine that is generated does not
coordinate to the metal center and instead the product is a cationic Re acetonitrile complex. The
kinetics of hydride transfer were recorded using UV-vis spectroscopy under pseudo first order
conditions with an excess of NMP*. The rate law for hydride transfer is k;[(6,6'-Ro-
bpy)Re(CO);H][NMP'] (Figure S12).

Table 4: Rate constants for hydride transfer from [(6,6'-R»-bpy)Re(CO);H] to NMP™.

H NCMe
AR 7 S H
=N | N SN —N, [ N
Rl TR (j/ RO et R |
— °—>
oc” | co N S07CMeEN 56 | Neo N
co | PFg co I
R = OEt, OMe, NHMe, Me, F, Br PFe
Complex ki (M lsh)?
[(6,6'-(OEt),-bpy)Re(CO):H] 9.8x 107
[(6,6'-(OMe),-bpy)Re(CO)3H] 5.0x 10?2
[(6,6'-(NHMe),-bpy)Re(CO);H] 1.5x 10"
[(6,6'-Me,-bpy)Re(CO);H] 8.0 x 10
[(6,6'-F2-bpy)Re(CO);H] 1.3 x 10
[(6,6'-Br,-bpy)Re(CO):H] 2.5x 107

aThe errors associated with the k; values are £5%.

As observed for CO; insertion, in general systems with more electron donating 6,6'-substituents
on the bpy ligand react faster than systems with electron withdrawing substituents but there are
several exceptions. For example, [(6,6'-(NHMe).-bpy)Re(CO)s;H] reacts surprisingly slowly, with
a rate that is slower than [(6,6'-Br2-bpy)Re(CO);H]. Although, this could be due to steric factors,
the same decrease in rate is not observed for [(6,6'-(OMe)>-bpy)Re(CO);H] or [(6,6'-(OEt)2-
bpy)Re(CO);H], which have comparable steric bulk. Finally, when comparing Re hydrides
containing 6,6'-substituted bpy ligands with those containing 4,4'-substituted bpy ligands with the
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same substituent,’ the reactions of species with 6,6'-substituted bpy ligands are always slower,

suggesting a general steric effect.

Computational determination of thermodynamic hydricity of [(6,6'-R2>-bpy)Re(CO)3H] complexes
and linear free energy relationships

Previous work determined that it is challenging to experimentally measure the thermodynamic
hydricity of Re hydrides due to their limited stability in solution.” Consequently, we performed
theoretical calculations to determine the relative thermodynamic hydricity of our family of [(6,6'-
R2-bpy)Re(CO)3;H] complexes using isodesmic hydride exchange reactions following recently
reported computational protocols (Table 5).° The relative thermodynamic hydricities for the 6,6'-
Ro-bpy substituted bpy complexes generally follow the expected trend, with complexes with
electron withdrawing substituents, such as Br, being less thermodynamically likely to donate a
hydride (higher thermodynamic hydricity) than complexes with an electron donating substituent,
such as OMe. An exception to this is trend [(6,6'-(NHMe)2-bpy)Re(CO);H], which is calculated to
be less thermodynamically hydridic than unsubstituted [(bpy)Re(CO)3;H] despite the presence of
electron donating amine substituents. However, there is likely more error in the calculated

Table 5: Computed relative thermodynamic hydricities of [(R.-bpy)Re(CO)sH] determined through isodesmic
exchange reactions with [(bpy)Re(CO)3(MeCN)]*.?

NCMe T NCMe 1" R H
Nu,, wwCO Nu,, .CO Nn., .nCO ~ N, | .wco
e’- + = /Re\
\N/ \Co \N \Co \N/ \Co N7 | Tco
R & co

Relative Thermodynamic Hydricity (kcal mol™)

Complex Complex
[(4,4'-(OMe)>-bpy)Re(CO)3H] -0.9 [(6,6'-(OEt)2-bpy)Re(CO):;H] -1.6
[(4,4'-('Bu)2-bpy)Re(CO);H] -0.4 [(6,6'-(OMe)>-bpy)Re(CO)3H] -1.0
[(4,4'-Me2-bpy)Re(CO);H] -0.5 [(6,6'-(NHMe).-bpy)Re(CO);H] 0.4%*
[(4,4'-H,-bpy)Re(CO)3H] 0.0 [(6,6'-Mez-bpy)Re(CO);H] 0.0
[(4,4'-Br,-bpy)Re(CO)3H] 1.1 [(6,6'-F2-bpy)Re(CO);H] 1.1
[(4,4'-(COOMe),-bpy)Re(CO);H] 0.9 [(6,6'-Br>-bpy)Re(CO)3H] 1.6
[(4,4'-(CF3)2-bpy)Re(CO)sH] 1.7

2All computations were performed at the M06/def2-TZVP level with SMD continuum solvation model with MeCN
as the solvent using optimized structures at the B3LYP-D3 level of theory in vacuum. *For calculating the relative
thermodynamic hydricity of [(6,6'-(NHMe),-bpy)Re(CO);sH] we used the most thermodynamically stable
conformers (in relation to the tilt of the 6,6'-(NHMe),bpy ligand for [(6,6'-(NHMe),-bpy)Re(CO);H] and [(6,6'-
(NHMe),-bpy)Re(CO)3(MeCN)]" (see SI for more details).
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thermodynamic hydricity of [(6,6'-(NHMe)>-bpy)Re(CO);H] because the up isomer is more stable
for [(6,6'-(NHMe),-bpy)Re(CO)3H], while the down isomer is more stable for [(6,6'-(NHMe),-
bpy)Re(CO)3(MeCN)] (see section SXIII). Further, there is more variation in the relative
thermodynamic hydricity of [(6,6'-(NHMe):-bpy)Re(CO);H] when the functional is changed
(Table S4). There is no obvious trend in the computed relative thermodynamic hydricity values
between complexes supported by 4,4'- and 6,6' substituted bpy ligands with the same substituents.
For example, there is almost no change in relative thermodynamic hydricities for R = MeO
substituent but there is a significant change for R = Br (Table 5). Although this can be partially
explained by computational error it suggests that care needs to be taken in assuming the same

quantitative trends between systems containing different 4,4'- and 6,6' substituted bpy ligands.

A Bronsted plot,”” comparing the experimental rate constants for CO; insertion into [(6,6'-Ro-
bpy)Re(CO);H] (In(k;)) with the thermodynamic driving force for the reaction (In(Keq), where Keq
is the equilibrium constant for COz insertion derived from the calculated thermodynamic hydricity
of [(6,6'-R2-bpy)Re(CO)3H] and the experimental hydride affinity of CO.), was generated (Figure
5 and see SI).?® The plot shows that there is a reasonable LFER between kinetic and
thermodynamic hydricity (see Figures S16 & S18 for plots with different functionals). Apart from
[(6,6'-Me>-bpy)Re(CO)3H], which appears to be an outlier for unknown reasons (and is not
included in the analysis), all of the other hydrides fit a linear trendline. The fact that [(6,6'-
(NHMe)-bpy)Re(CO)3H] fits relatively well to the trendline (especially given the challenges
associated with calculating its thermodynamic hydricity), suggests that the N-H group in the
ligand is not providing any stabilization of the TS through hydrogen bonding. Our results also
indicate that for CO» insertion into our selection of Re hydrides, steric factors do not play a large
role, as if they did, we would not expect a hydride with a 6,6'-F2-bpy ligand to fit on the same
trendline as a hydride with a sterically larger 6,6'-OEt-bpy ligand. A notable feature of the
Bronsted plot is the relatively large slope (a value) of 0.85. This could lead to a conclusion that

the reaction is proceeding through a stepwise rather than concerted mechanism,?’¢%’

and is larger
than the o value of 0.79, we previously reported for CO> insertion to [(4,4'-R2-bpy)Re(CO);H].”
However, we used a slightly different computational method in this work, as control studies
suggest that it leads to better agreement in thermodynamic hydricity values,” and this impacts the
a value. When a Brensted plot was constructed with the new computational method for [(4,4'-R»-

bpy)Re(CO);H] we observed an a value of 1.08 (Figure 6). This suggests that the a value is heavily
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dependent on the computational method and care should be taken in its interpretation, as likely

these reactions are proceeding through a concerted hydride transfer, as observed in many other

studies and suggested by our own calculations (vide supra).*

JrR2=0.944
Intercept = -6.90 + 0.39
1Slope = 1.08 £ 0.11 6-OMe

Tr2=0.82
Tintercept = -4.96 + 0.89
—2 {Slope = 0.85 + 0.27

0 1 2 3 4 5 6 7
In (Kyq)

Figure 6: Bronsted plot showing the LFERs for CO> insertion into [(6,6'-R»-bpy)Re(CO)sH] (blue) and [(4,4'-Ra-
bpy)Re(CO);H] (black). The fitting for [(6,6'-R2-bpy)Re(CO)sH] complexes is done excluding [(6,6'-Me»-
bpy)Re(CO);H].

When the LFER for CO; insertion into [(4,4'-R2-bpy)Re(CO)sH], which we previously reported,’
is compared with the LFER for [(6,6'-R>-bpy)Re(CO);H] two distinct trendlines are observed
(Figure 6). Although the slopes are relatively similar, for a given thermodynamic hydricity, CO2
insertion into a [(6,6'-R2-bpy)Re(CO)3;H] complex is predicted to be faster than for a [(4,4'-Ra-
bpy)Re(CO);H] complex. This is important because if the sole goal of this work was to break the
scaling relationship between kinetic and thermodynamic hydricity for [(4,4'-R>-bpy)Re(CO);H]
complexes, the rate constant for CO; insertion for [(6,6'-(NHMe),-bpy)Re(CO)3H], alongside its
calculated thermodynamic hydricity, would have achieved that result. From this observation, a
researcher could easily conclude that potential hydrogen bonding from the N-H group provides
TS stabilization. However, upon expanding the scope of Re hydrides to include several control
complexes with 6,6'-substituents on the bpy ligand that cannot participate in hydrogen bonding, a
more accurate conclusion can be reached; that any substitution in the 6,6'-bpy position will likely
break the scaling relationship for 4,4'-R>-bpy ligated systems. This is presumably a consequence
of the tilting observed for 6,6'-R>-bpy systems, which fundamentally changes the bonding of the

ligand to the metal and subsequently impacts the reactivity.
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Using the experimental rates for hydride transfer from [(6,6'-R2-bpy)Re(CO)3;H] to NMP™" and the
calculated thermodynamic hydricities for [(6,6'-Ro-bpy)Re(CO)3;H], we also constructed a
Brensted plot of hydride transfer from [(6,6'-R2-bpy)Re(CO)3H] to NMP* (see Figure S15). In this
case, although the rate of hydride transfer generally increases with an increase in driving force, the
correlation between thermodynamic and kinetic hydricity is relatively poor. This stands in contrast
to our previous work where we showed that there is a strong LFER for hydride transfer from
complexes of the type [(4,4'-R2-bpy)Re(CO)3H] to NMP™.” Likely the poor correlation for [(6,6'-
R>-bpy)Re(CO)3H] is due to steric factors, which are more pronounced for NMP" compared to
CO,. Consistent with this proposal, [(6,6'-OEt-bpy)Re(CO)sH] and [(6,6'-(NHMe),-
bpy)Re(CO);H], the most sterically bulky hydrides, are slower than would be expected based on
the approximate trendline. In general, for a given thermodynamic hydricity, hydride transfer from
[(4,4'-R2-bpy)Re(CO)3H] complexes to NMP' is faster than for [(6,6'-R2-bpy)Re(CO)s;H]
complexes. This is the opposite trend compared with CO,, which is again attributed to steric
factors. Overall, our results highlight that in a similar fashion to [(4,4'-R2-bpy)Re(CO):H]
complexes, [(6,6'-R2-bpy)Re(CO);H] complexes display LFERs for hydride transfer. However,
different LFERs are observed for bpy ligands with 6,6'-substituents compared to systems with 4,4'-
bpy substituents and depending on the exact properties of the substrate, 6,6'-substituted bpy ligands
can give either faster or slower hydride transfer. Based on the fact that 5,5'-substituents on bpy
impact the electronic and steric properties differently from 4,4'- and 6,6'-substituents, it is likely

that they will also give rise to unique LFERs.

Conclusions

In this work, we have synthesized a series of Re hydrides containing 6,6'-substituted bpy ancillary
ligands. These complexes readily insert CO2 to form Re formates. Analysis of the structures of the
6,6'-R2-bpy supported Re hydride and formate species using X-ray crystallography, MicroED, and
computational methods reveals that the bpy ligands are tilted so that the aromatic rings are not co-
planar with the metal coordination plane containing the two nitrogen donors of the bpy ligand.
This tilting is likely due to steric factors and is not observed in related 4,4'-R>-bpy ligated
complexes. The rate constants for CO; insertion into [(6,6'-R>-bpy)Re(CO);H] and hydride transfer
from [(6,6'-R>-bpy)Re(CO)3;H] to NMP* were determined. Using calculated thermodynamic
hydricities, we generated Bronsted plots showing a LFER between thermodynamic hydricity and

kinetic hydricity. The correlation was significantly stronger for CO, compared to NMP™ likely for
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steric reasons. The most important conclusion from the LFERs is that the relationship for 6,6'-Ro-
bpy ligated complexes is different to those we previously determined for (4,4'-R2-bpy)Re(CO);H
complexes.” For example, at a given driving force, CO; insertion into 6,6'-R>-bpy ligated species
is faster than for 4,4'-R»-bpy ligated systems. An immediate implication of this result is that
substituents in the 6,6' positions of the bpy, such as NHMe, which could be proposed to result in
an increase in rate due to hydrogen bonding, in fact cause an increase in rate because of a general
effect related to 6,6'-substituents. Given the prevalence of bpy ligands in a wide-range of
transformations ranging from organic processes, such as cross-electrophile coupling,*® to reactions
relevant to energy storage applications, such as water oxidation®' and COa reduction,* our
fundamental studies on the impact of introducing 6,6'-substituents to bpy ligands are likely to be
broadly applicable. They suggest that both the structure and reactivity of transition metal

complexes are impacted in a non-intuitive fashion by the addition of 6,6'-substituents to bpy

ligands.

Experimental and Computational Methods

Unless otherwise stated, all reactions were carried out under a dinitrogen atmosphere using
standard Schlenk procedures or a MBraun glovebox. NMR spectra were recorded on Agilent
DD2 -400, -500, -600 spectrometers at ambient probe temperatures unless otherwise specified. IR
spectra were collected on a FTIR/Raman Thermo Nicolet 6700 under air. UV-Vis characterization
of authentic samples was performed on a Shimadzu UV-3600Plus under N>. All stopped-flow
experiments were performed using a TgK Scientific Hi-Tech Scientific CryoStopped-Flow System
(SF-61DX2) apparatus equipped with a diode array detector. The stopped-flow system was
controlled by the Kinetic Studio 2.33 software. Observed rate constants from variable temperature
stopped-flow experiments were derived using global analysis fitting with the SPECFIT/32
software. Calculations were performed in the Gaussian 16 software package. For further details

about experimental and computational methods refer to the supporting information.
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6,6'-bpy ligated species show rate enhancements compared
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Synopsis

[(6,6'-R2-bpy)Re(CO)3H] (bpy = 2,2'-bipyridine) complexes with different substituents were
prepared and the rate constants for CO; insertion to form the formate complexes [(6,6'-Ra-
bpy)Re(CO);{OC(O)H}] determined. A Brensted plot was constructed using the rate constants for
COg; insertion and the thermodynamic hydricities for [(6,6'-R2-bpy)Re(CO)3H]. There is a linear
free energy relationship between thermodynamic and kinetic hydricity but it is different to that
previously determined for [(4,4'-R»-bpy)Re(CO)3H] and independent of potential hydrogen

bonding in the secondary coordination sphere.
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